This paper proposes a new generalized autoregressive conditionally heteroskedastic (GARCH) process, the asymmetric generalized dynamic conditional correlation (AG-DCC) model. The AG-DCC process extends previous specifications along two dimensions: it allows for series-specific news impact and smoothing parameters and permits conditional asymmetries in correlation dynamics. The AG-DCC specification is well suited to examine correlation dynamics among different asset classes and investigate the presence of asymmetric responses in conditional variances and correlations to negative returns. We employ the AG-DCC model to analyze the behavior of international equities and government bonds. While equity returns show strong evidence of asymmetries in conditional volatility, little is found for bond returns. However, both equities and bonds exhibit asymmetries in conditional correlations, with equities responding stronger than bonds to joint bad news. The article also finds that, during periods of financial turmoil, equity market volatilities show important linkages, and conditional equity correlations among regional groups increase dramatically. Furthermore, in January 1999 with the introduction of the euro, we document significant evidence of a structural break in correlation although not in
volatility. The introduction of a fixed exchange rate regime leads to near-perfect correlation among bond returns within the European Monetary Union (EMU) countries, which is not surprising when considering the harmonization in monetary policy. However, the increase in return correlation is not restricted to bond returns in EMU countries: equity return correlation both within and outside the EMU also increases.
keywords: dynamic conditional correlation, international stock and bond correlation, multivariate GARCH, variance targeting
Most financial decisions involve a trade-off between future risks and asset returns. The volatilities and correlations of securities are often the major components of risk. Second moments evolve over time as the economy changes and new information is released. Volatilities and correlations measured from historical data may miss changes in risk unless the methods are carefully designed to update estimates rapidly.
This article develops an econometric technique to measure risks dynamically by finding the optimal time decay of covariance information. The method is employed to investigate conditional asymmetries in volatilities and correlations for a collection of global equity and bond indices. We investigate whether all correlations and volatilities show this asymmetry and how similar are the patterns of correlations across the globe. To model the covariance structure of world investment markets, we compute returns using the Financial Times All-World equity and DataStream-constructed constant maturity bond indices.
Over the past 20 years, a large literature has developed exploring the second moment dynamics of assets' returns. Among other regularities, (conditional) estimates of the second moment of equities often exhibit the so-called asymmetric volatility phenomenon, where volatility increases more after a negative than after a positive shock of the same magnitude. Surprisingly, while there has been a proliferation of conditional econometric models capable of capturing asymmetry in conditional volatilities [see Hentschel (1995) for an exposition], econometric specifications that explicitly model asymmetry in conditional covariances and, specifically, conditional correlations are far less common. There exist studies that account for asymmetric effects in conditional covariances [see, for instance, Koutmos and Booth (1995) , Booth, Martikainen, and Tse (1997) , Scruggs (1998) , and Christiansen (2000) ], although they parameterize time-varying covariances in the spirit of Bollerslev (1990) where correlation coefficients are assumed to be constant over the sample period. Although assuming constant correlation greatly simplifies estimation, this hypothesis is neither theoretically justified nor robust to the empirical evidence.
A more flexible class of multivariate conditional variance models, without the assumption of constant correlation coefficients and with explicit asymmetry in conditional variances as well as covariances, has been introduced by Kroner and Ng (1998) . Subsequent applications [see, for instance, Bekaert and Wu (2000) and Scruggs and Glabadanidis (2003) ] build on this model. As with most multivariate generalized autoregressive conditionally heteroskedastic (GARCH) models, these specifications suffer from the curse of dimensionality, which limits their scope for application.
The second stylized fact that emerges from surveying empirical research is that while the asymmetric phenomenon in conditional variances has been widely explored for individual stocks, equity portfolios, and stock market indices, dayto-day changes in government bond return volatility has received little attention [one exception is, inter alia, Scruggs and Glabadanidis (2003) ]. Research, instead, has focused on the impacts of macroeconomic news announcements on conditional volatility of bonds and Treasury bills [see, for instance, Jones, Lamont and Lumsdaine (1998) , Li and Engle (1998) , and Christiansen (2000) ]. 1 The goals of this article are threefold. First, we develop a model capable of allowing for conditional asymmetries not only in volatilities but also in correlations. We propose a generalization of the dynamic conditional correlation (DCC) GARCH model of Engle (2002) . We extend the original model along two dimensions: on the one hand, we allow for series-specific news impact and smoothing parameters and, on the other hand, permit conditional asymmetries in correlations. The univariate volatility parameterizations are also modified from standard GARCH(1,1) models to accommodate conditional asymmetries. The combination of these two approaches results in a specification that is flexible and yet feasible for many assets. The second goal is to investigate whether, in addition to stocks, government fixed-income securities also exhibit asymmetry in conditional second moments, either in conditional volatilities or in correlations. Finally, using a broad cross section of national equity market indices and government fixed-income portfolios, this article explores the dynamics and changes in the correlation of these asset markets. Unlike previous research, we will not investigate whether conditional second moments of fixed-income securities change when (macroeconomics) news are released. We will test, instead, whether conditional variances, covariances, and correlations of such assets are sensitive to the sign of past innovations. We also explore the asymmetric volatility impact of an innovation through the ''news impact curves'' of Engle and Ng (1993) and asymmetry in conditional covariances and correlations using ''news impact surfaces'' of Kroner and Ng (1998) .
Within our framework, a number of questions can be addressed. Has the formation of the monetary union in Europe increased the correlation among national assets? If this is the case, should the euro area be considered a unified financial block and might the investors move capital, which before was allocated within the euro area, towards other regions? Moreover, what are the consequences of growing asset correlation, if any, on international portfolio diversification? Is diversification actually present when it is most needed? Is it available when markets are highly volatile? Are the linkages stronger at the regional level than they are at the global level? Has the overall return correlation of both bonds and equities increased over second half of the 1990s and into the early years of the new millennium, as evidenced in Moskowitz (2003) ?
The article is laid out as follows: the next section summarizes the explanations proffered to justify the asymmetric volatility phenomenon. Section 2 discusses the econometric specification and Section 3 describes the data employed in the analysis. Section 4 presents the multivariate conditional covariance results and provides a discussion about the linkages between volatility series, correlation series, and across volatility and correlation series. Section 5 concludes and proposes areas for further research.
WHY CONDITIONAL ASYMMETRIES?
Economically, two theories exist to explain asymmetric volatility: the leverage effect and time-varying risk premia (volatility feedback). The leverage effect, due to Black (1976) and Christie (1982) , states that after an unexpected drop in a stock value, the debt-to-equity ratio of a firm increases. Thus, the volatility of the whole firm, which is assumed to remain constant, must be reflected by an increase in volatility in the nonleveraged part of the firm (equity). An alternative explanation of the larger increase in volatility after a negative shock was originally proposed by French, Schwert, and Stambaugh (1987) and further developed by Campbell and Hentschel (1992) and Wu (2001) . News that volatility will be higher in the future will induce risk-adverse investors to sell positions today until the expected return rises to compensate for the risk. Hence, markets decline in advance of volatility increases. A related claim is that after a negative return shock and variance increase, the required rise in expected return creates more volatility (volatility feedback). The arguments based on risk aversion are only sensible for systematic risks. These explanations for asymmetries in volatility are not exclusive. Bekaert and Wu (2000) combine them in an empirical model and show that the leverage effect alone does not adequately explain the changes in volatility after a decrease in the asset price.
Both the leverage effect and the volatility feedback hypothesis have primarily focused on the volatility of equities. Nevertheless, through the capital asset pricing model (CAPM), treating bonds as risky assets [see, for instance Bollerslev, Engle, and Wooldrige (1988) ], the model developed by Campbell and Hentschel (1992) is applicable not only to stocks but also to bonds. As for the leverage effect, it cannot apply for government bonds, as they do not have leverage.
In addition to possible explanations for asymmetries in return volatility, little theoretical framework is available to justify the recent evidence of asymmetric response to joint bad news in correlations. 2 One possible explanation rests on time-varying risk premia. More precisely, a negative systematic shock will induce downward pressure on returns in any pair of stocks and will increase the variances of these securities in a CAPM-type world. If betas do not change, then covariances will increase. If idiosyncratic variances do not proportionally change, correlations will increase as well. Correlation may therefore be higher after a negative innovation than after a positive innovation of the same magnitude.
ECONOMETRIC METHODOLOGY
To investigate the properties of international equity and bond returns, we generalize the DCC GARCH model of Engle (2002) by introducing two modifications: asset-specific correlation evolution parameters and conditional asymmetries in correlation.
Let r t be a k Â 1 vector of asset returns, which is assumed to be conditionally normal with mean zero and covariance matrix H t :
where`t À 1 is the time t À 1 information set. All DCC class models [including the constant conditional correlation (CCC) GARCH of Bollerslev (1990) ] use the fact that H t can be decomposed as follows:
D t is the k Â k diagonal matrix of time-varying standard deviations from univariate GARCH models with ffiffiffiffiffi h it p on the ith diagonal, and P t is the (possibly) timevarying correlation matrix. As the DCC model is designed to allow for threestage estimation of the conditional covariance matrix, any univariate GARCH process that is covariance stationary and assumes normally distributed errors (irrespective of the true error distribution) can be used to model the variances [see Engle and Sheppard (2001) for further details].
3 In the first stage, univariate volatility models are fit for each of the assets, and estimates of h it are obtained. In the second stage, asset returns, transformed by their estimated standard deviations, are used to estimate the intercept parameters of the conditional correlation. Finally, the third stage conditions on the correlation intercept parameters to estimate the coefficients governing the dynamics of correlation. In the original DCC estimator, the correlation evolves according to a process with identical news impact and smoothing parameters for all pairs of variables. However, for highdimensional models, this assumption is very strong and we propose the asymmetric generalized DCC (AG-DCC) estimator to better capture the heterogeneity present in the data.
The three-stage estimation procedure is computationally convenient but may be inefficient relative to a maximum likelihood estimation of all the parameters at once. The efficiency of the three-stage estimation process has been studied asymptotically in Engle and Sheppard (2005) and in simulations in Engle and Sheppard (2001) . They compared estimated univariate models with exact knowledge of the univariate parameters and found that the estimation of the univariate models has little consequence. A similar examination of the correlation process shows that separate estimation of the intercept and dynamic parameters introduces a small finite sample bias relative to exact knowledge of the unconditional correlation matrix. The bias was increasing in the cross-section size of the data set and with k = 25 was small.
These results, however, all assume that the model is correctly specified. If the univariate models are not well specified, then the correlation estimates will no longer be consistent. As the choice of univariate model will not affect the sign of the standardized residuals and as many univariate models produce relatively similar volatility patterns, it is possible that the correlations would be relatively insensitive to the univariate model at least within a reasonable class. Rather than rely on this intuition, we carry out an extensive model selection procedure for the univariate models to minimize the risk that the univariate models will lead to inconsistent correlation estimates.
Univariate volatility specifications are selected using the Bayesian information criterion (BIC) from a class of models capable of capturing the common features of financial asset return variance. 4 We include the following models in the specification search (all with one lag of the innovation and one lag of volatility):
Once the univariate volatility models are estimated, the standardized residuals, e it ¼ r it ffiffiffiffiffi h it p , are used to estimate the correlation parameters. The evolution of the correlation in the standard DCC model [Engle (2002) ] is given by
where P ¼ E e t e 0 t Â Ã and a and b are scalars such that a + b < 1.
Å is a diagonal matrix with the square root of the ith diagonal element of Q t on its ith diagonal position. As long as Q t is positive definite, Q Ã t is a matrix which guarantees
is a correlation matrix with ones on the diagonal and every other element 1 in absolute value. The model described by Equations (3) and (4), however, does not allow for asset-specific news and smoothing parameters or asymmetries.
We propose to modify the correlation evolution equation to be
where A, B, and G are k Â k parameter matrices, n t = I[e t < 0]e t (I[Á] is a k Â 1 indicator function which takes on value 1 if the argument is true and 0 otherwise, while '''' indicates the Hadamard product) and N ¼ E n t n 0 t Â Ã . We refer to the model in Equation (5) as the AG-DCC. The asymmetric DCC (A-DCC) is obtained as a special case of the AG-DCC if the matrices A, B, and G are replaced by scalars. Similarly, the generalized DCC (G-DCC) is a special case of the AG-DCC when G = 0. For P and N, expectations are infeasible and are replaced with sample analogues, T À1 P T t ¼ 1 e t e 0 t and T
À1
P T t¼1 n t n 0 t , respectively. It is clear from Equation (5) that a sufficient condition for Q t to be positive definite for all possible realizations is that the intercept,
NG, is positive semi-definite and the initial covariance matrix Q 0 is positive definite [see Ding and Engle (2001) for further details]. In the scalar symmetric DCC model, the condition is simply a 2 + b 2 < 1. In the scalar A-DCC model,
a sufficient condition for Q t to be positive definite is that the matrix in parentheses is positive semi-definite. A necessary and sufficient condition for this to hold is
This constraint can be evaluated on the sample data and implemented during estimation of the conditional correlation. As a consequence, estimation of the scalar A-DCC is no more difficult than the scalar DCC.
If the matrices A, B, and G are assumed to be diagonal, the AG-DCC representation reduces to
where i is a vector of ones and a, b, and g are vectors containing the diagonal elements of the matrices A, B, and G, respectively. In this case, a sufficient condition for Q t to be positive definite for all t is that the intercept,
, is positive semi-definite and the matrix Q 0 is positive definite.
The AG-DCC generalization comes at the cost of added parameters and complexity. The generalized models require k 2 parameters in each correlation term, although we use diagonal versions with only k additional coefficients in each term. In the diagonal specification, the number of unknown parameters grows linearly with the number of assets.
Although the diagonal versions are appropriate for applications to many assets, the scalar specifications are preferred when the number of assets is very large. For example, when k = 50, the scalar versions require the simultaneous estimation of two or three parameters, depending on whether the symmetric or asymmetric specification is used. The diagonal parameterizations, instead, imply 100 or 150 unknown coefficients, depending on whether asymmetries are included. The inversion, at each point in time, of the conditional correlation matrix is the fundamental limitation of the diagonal (asymmetric) DCC GARCH model. Various specifications for modeling the conditional covariance of large systems have recently been explored in Engle and Sheppard (2005) . They document that DCC-family models, even using standard univariate GARCH specifications, offer the best performance among the families which are applicable to large panels.
It is simple to further extend the model to allow for structural breaks in mean, in dynamics, or in both. Let d t be a dummy variable which takes on value 1, if t ! t < T and 0 otherwise. Then assume that, for example, the researcher is interested in examining whether a structural break has occurred in the intercept. In this case, the following model can be tested:
where
Â Ã , t < t, and P 2 ¼ E e t e 0 t Â Ã , t ! t, with N 1 and N 2 analogously defined.
As the model in Equation (9) nests the model in Equation (5), it is straightforward to test for breaks in the mean of the process. The test can be conducted using likelihood ratio or Wald tests with k(k À 1)/2 degrees of freedom. Breaks in dynamics as well as in both dynamics and mean can be tested for analogously, although the degrees of freedom will be different. Kroner and Ng (1998) introduced news impact surfaces for multivariate GARCH models, which are analogous to news impact curves for univariate processes. For the model considered in this article, the news impact surface for correlation will be asymmetric, having (potentially) greater response to joint bad news than to joint good news. The news impact surface for correlation is given by
where e i and e j are standardized residuals. 6 The news impact surface for covariance will simply be the news impact surface for correlations multiplied by the appropriate portion of the news impact curve for the univariate models. Considering the wide range of univariate specifications for the conditional variances, the covariance impact surfaces can be very different should the chosen models for the univariate volatilities be drastically different, producing asymmetries in covariance in all four directions from the origin.
DATA
The data employed for this article consist of FTSE All-World Indices for 21 countries and DataStream-constructed five-year average maturity government bond indices for 13. Equity indices include European countries (Austria, Belgium, Denmark, France, Germany, Ireland, Italy, the Netherlands, Norway, Spain, Sweden, Switzerland, and the United Kingdom), Australasia (Australia, Hong Kong, Japan, New Zealand, and Singapore), and the Americas (Canada, Mexico, and the United States). Data on government bonds are available for all the European countries listed above (except Italy, Norway, and Spain), Japan, Canada, and the United States. 7 The FTSE All-World Index Series measure the return on a well-diversified investment, are value-weighted, and include dividends. The DataStream Benchmark bond indices consist of the most liquid government bonds and follow the European Federation of Financial Analysts (EFFAS) methodology. Given the global scope for this article, there is never a time when all 21 markets are open. To alleviate the resulting nonsynchronous trading issues, we use returns at weekly frequency. The sample covers the period from January 8, 1987 until February 7, 2002 , a total of 785 observations. All returns were continuously compounded using Thursday-toThursday closing prices to avoid any end-of-week effects. Table 1 contains descriptive statistics for the data which exhibit the standard properties of financial returns. All markets, except New Zealand and Japan, exhibit an average positive return. As for equity returns, all (but two) are left skewed and exhibit fat-tails. As expected, when we standardize returns with their preferred standard deviation (see Section 4), they are both less skewed and less fat-tailed, although still nonnormal as shown by the Jarque-Bera test. Bond index returns are more homogeneous, with annualized returns ranging from 4.35 to 8.74, have a global mean of 6.68, and have uniformly lower standard deviations than the least volatile equity index. Nine of 13 bond index return series are positively skewed, and all are leptokurtotic. The standardized bond index returns are also slightly less skewed and less fat-tailed. As was the case with equity returns, bond index returns typically reject the null of normality. Table 2 summarizes information about the distribution of the unconditional correlations between the equity series, the bond series, as well as the equity and the bond indices, and Tables 3a, 3b, and 3c report the unconditional correlations for each of the 34 assets. Overall, the assets are moderately correlated with a median unconditional correlation of 0.299. Correlation is higher for asset in the same class. The median bond-bond and equity-equity return correlations are equal to 0.728 and 0.444, respectively, while the median equity-bond correlation is only 0.185. Each of these three median correlations is statistically different from the other two at the 1% level. 8 The intraequity return correlations increase when considered at the regional level. Correlations between bond indices also suggest the presence of three distinct groups.
Finally, we investigate nonparametrically the presence of asymmetries in conditional second moments (see Table 4 ). First, we examine whether the variances of asset returns are higher after a negative than after a positive shock of the 7 The 13 national bonds which we consider in the analysis are a proper subset of the 21 equity markets and include all the major world government bond markets. 8 Although the distribution of the average correlation for groups of assets is difficult to calculate, we are able to conduct significance test using the bootstrap distributions of these statistics. The bootstrap distribution was tabulated using the stationary bootstrap [Politis and Romano (1994) ] with an average window length of 13 weeks (based on initial estimates of the persistence of correlation across all assets). When statistical significance is detected, it means that the empirical quantile of the bootstrap distribution is less than (or greater than, depending on the test) the statistic. 
Å by regressing squared returns on a constant and an indicator function for negative lagged returns. Nineteen of the equity indices exhibit larger variances after a negative than after a positive shock, and 11 of these differences were significant at a 10% level. As for the bond indices, nine of them show larger variances after negative shocks, although only one was significantly different from zero. Following the same line of analysis, we investigate whether the average covariances are different after joint negative returns than after two positive returns. We define an indicator function for both past returns being negative and another for both being positive. By regressing the return cross product on a constant and the two indicators, we test the hypothesis This table reports summary statistics for the 21 equity index returns and 13 bond index returns correlations, grouped by region. The numbers in the matrices are the average correlation between the appropriate groups, that is, in the last section, the upper left element is the average correlation between Australasian equity returns and Australasian bond returns. In the top two panels, the diagonal numbers are the within-group average correlation for equity and bond returns. There is no within-group correlation for Australasian bond portfolios, as Japanese bonds were the only asset in the Australasian bond category. that the coefficients of the indicator variables are equal. All equity returns exhibit some significant increases to joint bad news, while six of the bond series do.
EMPIRICAL RESULTS
The first stage of the DCC model building consists of fitting univariate GARCH specifications to each of the 34 return series and selecting the best one according to the Bayesian information criterion. Table 5 contains the specifications of the GARCH processes selected and the estimated parameters. Eighteen of the 21 models selected for the equity returns include a significant asymmetric term. Asymmetry is introduced in the form of threshold effects in 16 specifications and by recentering the news impact curves in the remaining two where the AGARCH parameterization is adopted. As widespread as the evidence of asymmetric volatility is in the equity series, it is equally absent from the bond returns. This table reports summary statistics for conditional partial covariance. The top panel contains results for the test on the covariances, testing whether the covariance is higher after joint negative returns than after joint positive returns. The bottom three panels represent the percentage of the return cross-product series rejecting the null that the conditional partial covariance is the same after joint bad news (two negative returns) as after joint good news (two positive returns). A decomposition into three groups is considered: equity, bond, and cross equity-bond across the regions. Equities return series demonstrate stronger evidence of asymmetries than bond returns. Except where explicitly indicated, all tests were at the 10% level. This table reports the selected specifications and parameter estimates for the univariate GARCH models used to standardize each return series. Italian stocks actually preferred a structural break in the model, with the first set of parameters referring to the data until the introduction of the euro, and the second subsequent.
a Intercept parameters are calculated on 10 times the returns to facilitate working with extremely small numbers.
Only three of the 13 models selected contain asymmetric terms, all of the threshold variety. This is consistent with the earlier evidence of little conditional difference in variances after negative shocks for bond returns (see Section 3). Figure 1 plots the volatility news impact curves for five assets. The curves highlight the flexibility of DCC-family models. For instance, the model selected for Swedish equity returns is an EGARCH resulting in a news impact curve that is asymmetric with a much smaller increase in volatility after a positive than a negative shock. Likewise, the news impact curve for Canadian bond return volatility is near zero for all positive shocks and only increases for negative ones. Swiss bond returns, instead, show a surprising asymmetric response to good news with a larger increase in volatility subsequent to positive shocks.
Four different parameterizations are estimated for the dynamics of the correlation. The first and simplest model is a standard scalar DCC where no asymmetric terms are included [Equation (3)]. Second, a symmetric diagonal version is considered [i.e. in Equation (5) the matrices A and B are diagonal, while the matrix G is set equal to zero]. Next, two asymmetric specifications are estimated, an asymmetric scalar DCC model (where the matrices A, B, and G reduce to scalars) and the full diagonal version of this model [see Equation (5), with diagonal matrices A, B, and G]. Table 6a reports the results relative to these four DCC specifications. Most parameters are significantly different from zero, with exceptions noted in the table. The shocks to correlation are typically highly persistent, with a half-life of more than 14 weeks for the symmetric scalar DCC model. For the diagonal symmetric DCC model, the half-life of the innovation ranges from nine to over 63 weeks. 9 Upon inspection of the fit correlation and the data, it becomes obvious that a large number of the series have undergone a significant structural break when, within the European Monetary Union (EMU), 10 exchange rates were irrevocably fixed.
11 To take this into account, all the four base models are modified to allow for a structural break in the intercept and for structural breaks in both the intercept and the dynamics of the correlation process. The log-likelihoods of the resulting 12 specifications (each of the four DCC models is estimated without any break, with a break in the intercept, and with breaks in the intercept and in the dynamics) are reported in Table 6b . For all models, we overwhelmingly reject the null of no structural break in the mean; yet the evidence for both a break in the mean and the dynamics is less compelling. In addition, allowing for a break reduces the persistence of the series to approximately 10 weeks 12 and can be interpreted as further evidence in support of the break. Structural breaks in the intercept parameter of GARCH models have been studied in Hillebrand (2005) . In this simplification, breaks cause spurious persistence but do not generate spurious asymmetries. The dynamics of a DCC model would behave in a similar manner.
Log-likelihood values also suggest that the diagonal versions significantly outperform the scalar specifications. Moreover, both the asymmetric DCC models outperform their non-A-DCC counterparts with p-values near zero.
When the model allowing for both breaks in the mean and in the dynamics was estimated, despite the higher log-likelihood, many parameters were insignificant after the break. This may be due to either stable parameters or the relatively short sample available after the introduction of the fixed exchange regime. To avoid these poorly estimated parameters, the model with only breaks in the mean but not in the dynamics was chosen. Therefore, the remainder of the article presents results from the diagonal AG-DCC model with a break in the intercept but not in the dynamics.
Figures 2a, 2b and 3 plot news impact surfaces for German-U.S. equity correlation and covariance, respectively. The correlation news impact surface is highly 9 The half-life is defined as the time at which a shock to correlation is expected to be halfway dissipated.
Making the approximation recommended in Engle and Sheppard (2001) that Q t = P t , the half-life is computed as ln 0:
In the asymmetric DCC, a similar formula does not apply because the expectation of the cross product of the returns is not available. 10 The countries which in 2002 were part of the EMU are Austria, Belgium, Finland, France, Germany, Greece, Ireland, Italy, Luxembourg, the Netherlands, Portugal, and Spain. 11 Although it would be ideal to test each series for a break at all points in time, this procedure is infeasible as the parameters of the model are not identified under the null of no break, making standard testing theory incorrect. We choose to include the break on January 1999, when the euro was introduced, as we expect that equity and bond correlations increase among EMU member states and possibly among other countries as well towards the end of the sample. 12 Persistence is measured as the half-life of a shock, computed as ln(0.5)/ln(a 2 + b 2 ).
asymmetric, showing a larger response to shocks in the -/-than in the +/+ quadrant (i.e., it is more responsive to joint bad news than to joint good news of the same magnitude). When we analyze the covariance news impact surface, the asymmetry becomes even more striking, with a huge increase for joint negative shocks, little change for larger positive shocks, and asymmetries in all four quadrants.
Volatility Dynamics and Linkages
Although each of the volatility models is parameterized to evolve independently of the others, we examine volatility linkages across countries. A simple criterion to analyze these linkages is the correlation between the estimated variances of two assets: There is a significant increase in the log likelihood when either asymmetric effects or breaks in the mean are introduced. Allowing for breaks in the dynamics is not significant in the diagonal models although it does reduce the BIC.
The conditional variances of the equity markets are moderately correlated at the global level, with an average correlation of 0.325, and are similar both before and after the introduction of the fixed exchange rate regime system in Europe. However, the volatility linkages are much stronger at the regional level. For instance, the correlation of the volatility of European equity markets is 0.546 over the entire sample and is similar before and after the introduction of the euro. The American equity markets' variances are also highly correlated, averaging 0.612, while the correlation between U.S. and Canadian equity volatilities was extremely high at 0.796. Australasian equity volatility correlation is similar to the overall average at 0.418, although this is in part due to low correlation between the variances of New Zealand with the rest of this group. Not surprisingly, the correlation among the variances of mature markets is higher than that of emerging markets.
13 Figure 4 contains a plot of the annualized average volatility series for four groups of equities: European excluding the EMU countries, EMU, American, and Australasian. The volatility linkages were most evident during certain tumultuous periods: black Tuesday in October 1987, the Iraqi invasion of Kuwait, and the Gulf war in 1990/1991, during the financial crises which gripped Russia, Southeast Asia, and Latin America in 1997/1998, when signs of a slowdown in the world economy started to affect equity markets in March 2001, and when terrorist attacks hit the United States in September 2001. Interestingly, volatility increased for European Union countries in 1992 and 1993 when there was tension within the European Monetary System which resulted in interest rate increases and exchange rate realignments.
Similarly, bond volatility demonstrates low correlation when considered on a global scale, although regional linkages are strong. The overall average correlation between bond return variances is 0.352, whereas correlation between European bond variances is 0.530 and, among EMU member countries, 0.795. Figure 5 represents plots of the annualized average bond return volatility in the EMU countries, the United States, and Japan. Bond returns were much less volatile than the equity markets and demonstrate weaker linkages across regions. Turbulences in equity markets are sometimes reflected in bond volatilities, pointing towards a ''flight to quality phenomenon,'' with investors moving capital from equities to bonds.
To ensure that structural changes in conditional correlations are not due to breaks in volatilities, we also test for structural breaks in the level and both in the level and the dynamics of volatility models.
14 Likelihood ratio tests reject the null of no structural breaks in only six of the 34 series. 
Correlation Dynamics
The correlations of the assets under consideration show considerable variation. Figure 6 plots the estimated equity correlation between three countries within the EMU (France, Germany, and Italy) and Great Britain. The correlation has clearly increased between these four countries since the introduction of the euro (indicated by the dashed vertical line). The adoption of a common monetary policy and the consequent irrevocable fixing of exchange rates have led to much higher correlations between equity returns not only in the three EMU countries but also in the United Kingdom. The increase between France, Germany, and Italy has, Figure 3 News impact surface for covariance. Although the news impact surface is increasing in both the ++ and the ÀÀ quadrants, the correlation combined with the two variances results in a steep increase in the ÀÀ quadrant and a near flat response in the ++ quadrant, as well as asymmetries between the +À and the À+ quadrants.
14 We assume the specification of the model dynamics remain constant when testing for structural breaks in the parameters. 15 Using the Bayesian information criterion, a model with breaks of either type was only preferred for Italian equity returns.
however, been more pronounced, as evidenced by a rise from an average of 0.620 to 0.852 for France-Germany, 0.462 to 0.825 for France-Italy, and from 0.447 to 0.812 for Germany-Italy. The correlation between Great Britain and the three EMU countries has also increased, although to a lesser extent, with an average correlation between the United Kingdom and the three EMU countries rising from 0.463 to 0.680. Figure 7 represents the average equity correlations for the EMU countries, Europe excluding the EMU member states, the Americas, and Australasia. October 1987 stands out across the four groups with ubiquitous spikes in the correlation in all six series. While there appear to be increases in the correlations between the EMU, Europe without the EMU, and the Americas, the correlations between these three regions and the Australasian group seem to be unaffected.
There are many explanations for these rising correlations beyond the launch of the euro. The general increases seen especially between Europe and the Americas may be due to globalization, sectoral rotation, asymmetry in markets, or rising volatilities. Globalization gives rise to multinational companies, whose asset prices will reflect economic shocks in many countries and sectors. Consequently, equity returns will be highly correlated across countries. With the major run-up of technology stocks in the late 1990s, many value-weighted indices became heavily weighted with technology companies. This, in turn, let correlation among these equity indices go up. When the bubble burst, technology companies all over the world witnessed large decreases in value, which, again, may have led to a general increase in correlation. Although appealing, the investigation of this idea is beyond the scope of this article. However, because our model does show that correlations tend to rise as markets decline, some of this effect is already incorporated. Furthermore, in simple factor structures, rising volatility of broad indices will lead to increased correlation of the assets depending on it as long as idiosyncratic volatilities do not increase correspondingly. This argument leads to an expectation of comovement between correlations and volatilities that will be explored below.
Bond and equity market correlations appear to be, on the one hand, similar in that there have been some radical changes since the introduction of the fixed exchange rate regime and, on the other hand, dissimilar in that linkages across regions seems to be much weaker. Figure 8 represents the average bond return correlations between the EMU, the remainder of Europe, and the Americas. Both the average correlation between EMU and European markets not belonging to the EMU and correlation between American and EMU markets appear to have increased after the fixed exchange regime went into effect. Finally, the average Figure 5 Plots of the annualized conditional bond return volatility for the EMU countries, the United States, and Japan. Unlike equities, bond markets do not exhibit strong linkages in volatility.
correlation between European non-EMU member countries and the Americas also seems to have increased. It is important to note that although the correlation between the American and both the European groups' bond returns has increased towards the end of the 1990s and into the new millennium, the levels are still very different. The correlation between bond returns in Europe is typically 0.743, although the correlation between either of the European groups and the Americas is less than half, averaging near 0.336. This is unsurprising given the many common economic factors that affect European countries both within and outside the EMU. Figure 9 represents correlations between three of the largest providers of government bonds: Germany, Japan, and the United States. The correlation between German and Japanese bond returns plummeted with the introduction of the fixed exchange rate regime, from a value around 0.528 to an average near zero. At the same time, German and U.S. bond returns have become increasingly correlated, whereas U.S. and Japanese bond correlation has remained, for the entire sample, in a fairly narrow range averaging close to zero. Figure 10 illustrates plots of the average correlation between the various equity markets and the EMU bond returns. Not surprisingly, EMU bond and equity returns are relatively highly correlated, although correlation between EMU bond returns, on the one hand, and American and Australasian equity returns, on Figure 6 Plots of the conditional correlation of equity returns for four European countries, three of which are in the EMU. There is a strong increase in correlation on January 1, 1999 for all four countries, and the increase was larger within the EMU countries than between Great Britain and the three EMU countries. the other hand, is typically near zero and often negative. All three pictures show a decline in correlation around October 1987, providing evidence to a flight to quality. The levels notwithstanding, the dynamics of the three series are remarkably similar.
Joint Volatility and Correlation Dynamics
The relationships between volatilities and correlations are important for many financial decisions, including risk management and pricing derivatives. If correlations and volatilities move together, then risks in the long run are greater than they seem in the short run. Insurance in the form of options or credit derivatives will also be more expensive than one would otherwise expect.
We can examine whether, on average, volatilities and correlations are positively or negatively related. We define the average correlation of one asset's variance with all its associated pairwise correlations as follows: Figure 7 Plots of the average correlation of equity returns between equity in the EMU countries, the remainder of Europe, the Americas, and Australasia. With the exception of 1987, simultaneous increases in correlation appear to be more widespread than decreases.
For example, for Australian equities, i is the correlation between the Australian equity variance and the correlations between Australian and Austrian equities, Australian and Belgian equities, etc. In this case, i = 0.510, indicating that as Australian volatilities rise, all its pairwise equity correlations increase as well. When i is computed over all equity correlations, including those not involving Australia, its value declines to 0.288. Tables 7 and 8 report the values of i relative to each equity and bond series, respectively. The indicator turns out to be mostly positive, suggesting that volatilities and correlations move together. This phenomenon appears to be stronger for equities than bonds.
CONCLUSIONS
This article generalizes the DCC GARCH model of Engle (2002) along two dimensions: we allow for series-specific news impact and smoothing parameters and permit conditional asymmetries in correlation dynamics. The resulting AG-DCC GARCH model is flexible and yet empirically tractable. We use the AG-DCC specification to investigate asymmetries in conditional variances and correlation dynamics for a broad cross-section of national equity and government bond returns. While conditional volatilities of equity returns show widespread Figure 8 Plots of bond return correlation between the EMU, the rest of Europe, and the United States. The introduction of the euro seems to have increased correlation between the EMU countries and the United States, whereas correlations between the EMU and the non-EMU European countries appear to be similar to before the introduction of the euro.
evidence of asymmetry, little is found for bond returns. However, both equities and bonds exhibit asymmetry in conditional correlation, although equities show a stronger response than bonds to joint bad news. Finally, we explore the dynamics and changes in the correlation of the asset markets under consideration. When compared with scalar and/or symmetric representations, the AG-DCC GARCH model turns out to be superior.
We document strong comovements in equity market volatility. Annualized average volatility series for European countries excluding those in the EMU, EMU, American, and Australasian equities show linkages during periods of financial turmoil, such as the stock market crash in 1987, the beginning of the Gulf war, and the Asian financial crisis. Unlike equity returns, bond market volatilities demonstrate less clear linkages, exhibiting, instead, increases to region-specific events.
Upon the creation of the irrevocably fixed exchange rate regime in Europe, significant evidence of a structural break is found in the level of conditional correlation but not in the levels of the conditional volatilities. Conditional equity correlations for the major markets of Europe, that is, France, Germany, and Italy (which are part of the EMU) and United Kingdom (which is not part of the EMU), have increased since the introduction of the single currency. We also find evidence of a meaningful increase in correlation of other markets with the EMU Figure 9 Bond return correlation between three leading providers of government bonds, Germany, Japan, and the United States. The correlation between Japanese bond returns and German bond returns dropped dramatically at the introduction of the euro, whereas correlation between German and U.S. bond returns has increased although with increasing noise.
countries, possibly signaling stronger economic ties. Furthermore, the introduction of a fixed exchange rate regime has led to near perfect correlation among bond returns within EMU member states. This is not surprising and mainly driven by the monetary policy harmonization.
When bad news hits financial markets, conditional equity correlation series among regional groups increases dramatically. This finding has important implications for international investors, as the diversification sought by investing in multiple markets is likely to be lowest when it is most desirable. However, it is also evidenced that conditional correlation between equity and bond returns typically declines when stock markets suffer from financial turmoil, an indication of a ''flight to quality'' phenomenon, where investors move capital from equities to safer assets.
The developments of the volatility and correlation dynamics documented in this paper raise significant issues for academics and practitioners alike. For instance, can the risk of increasing correlation occurring during down markets be hedged? Why do both equities and bonds demonstrate asymmetric changes in correlation when they both decline? Has the introduction of the euro fundamentally changed world equity markets and how will this affect expected returns, capital flows, and exchange rates both within and outside the euro area? Figure 10 Plots of the average correlations between EMU bond returns and equity returns from the three main regions. There appear to be very strong linkages in the three series, as evidenced by October 1987 October , 1997 October -1998 , and late 2001.
APPENDIX: UNIVARIATE VOLATILITY MODELS AND NEWS IMPACT SURFACES

A.1 Univariate GARCH Models
In this appendix, we describe the univariate GARCH specifications which we use in this study. Although some of the models below differ from their original representations, their qualitative features remain unchanged. The models are modified to improve their comparability. GARCH:
Absolute value GARCH (AVGARCH): The left column of this table contains the average correlation between the conditional variance of the equity series listed on the left with the correlation between this market and the other equity markets. The right column contains the average correlation between the conditional variance of the equity series listed on the left with the correlation between this market and all other markets, equity, and bond.
Nonlinear GARCH (NARCH):
Exponential GARCH (EGARCH):
Threshold GARCH (ZARCH):
Glosten-Jagannathan-Runkle GARCH (GJR-GARCH):
þ gI e tÀ1 < 0 ½ e 2 tÀ1 þ bh tÀ1 :
Asymmetric power GARCH (APARCH): The left column of this table contains the average correlation between the conditional variance of the bond series listed on the left with the correlation between this market and the other bond markets. The right column contains the average correlation between the conditional variance of the bond series listed on the left with the correlation between this market and all other markets, equity, and bond.
